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Wind speed and waveheight measur ed by satellitealtimeter srepr esent agood data sour ce
to the study of global and regional wind and wave conditions. I n this paper, the TOPEX
altimeter wind and wave measurementsin the Y ellow and East China Seasareanalyzed.
Theresultsprovideaglimpseon thestatistical propertiesand the spatial distributions of
theregional wind and wave conditions. These data ar e excellent for usein thevalidation
and verification of numerical simulations on global and regional scales. The altimeter
measur ements are compared with model output of temporal statistics and spatial dis-
tributions. The results show that the model simulations are in good agreement with
TOPEX measurementsin termsof thelocal mean and standard deviation of thevariables
(wave height and wind speed). For the comparison of spatial distributions, the quality of
agreement between numerical simulationsand altimeter measurementsvariessignificantly
from cycleto cycle of altimeter passes. In many cases, trendsin the spatial distributions
of wave heights and wind speeds between simulations and measur ements ar e opposite.
The statistics of biases, rms differences, linear regression coefficients and correlation
coefficients are presented. A rather large per centage (~50%) of cases show poor agree-
ment based on a combination of low correlation, large rmsdifference or bias, and poor
regression coefficient. There are indications that wave age is a factor affecting the
per for mance of wave modeling skills. Generally speaking, theerror statisticsin thewave
field is correlated to the corresponding error statistics in the wind field under the
condition of activewind-wavegeneration. Theerror statisticsbetween thewavefield and
thewind field become less correlated for lar ge wave ages.
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1. Introduction

Remote sensing from space providesasynoptic view of
the ocean wind and wave fields. For example, wind speed
and significant wave height are standard outputs of
spaceborne altimeters such as TOPEX/POSEIDON (here-
after referred to as TOPEX for brevity). Comparisons of the
altimeter measured wind speed and wave height with surface
buoy datahave shown very positive agreement (e.g., Brown
et al., 1981; Chelton and Wentz, 1986; Ebuchi and
Kawamura, 1994; Freilich and Challenor, 1994; Gower,
1996; Hwang et al., 1998a). For the significant wave height,
the bias is on the order of a few centimeters, the rms
difference is approximately 0.14 m, the regression coeffi-
cient (that is, the slope of the scatter plot when the intercept
is forced to zero, representing the proportionality factor
between altimeter and buoy data) isbetween 0.97to0 1.0, and
the correlation coefficient is 0.97. For wind speed, the bias

isapproximately 0.13 m/s, thermsdifferenceis 1.3 m/s, the
proportionality factor is between 0.98 to 1.12, and the
correlation coefficient is0.85. These statisticsillustrate the
high accuracy of wind speedsand wave heights measured by
spaceborne altimeters.

With an along-track resolution of 7 km, the spaceborne
measurements represent a valuable addition to the study of
regional oceanography. The spatial resolution of the
spaceborne altimeter in the groundtrack direction is com-
parable to or better than that of the numerical models used
for regional simulations. One of the major issues in the
numerical hindcasting and forecasting is the difficulty of
validation and verification. While comparisons with point
measurements from discrete and sparsely distributed wave
buoys provide some degree of statistical confidence, the
spatial distribution of the modeled wind and wave fields
cannot be easily assessed.
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Spacebornealtimeter outputshavebeen used for model
validation, data assimilation and/or evaluation of model
performance with different wind products. The number of
publications on these topics is quite large (e.g., Janssen et
al.,1989; Bauer etal.,1992; Lionelloetal., 1992; Romeiser,
1993; Bauer and Staabs, 1998; Sterl et al., 1998) and we
shall limit the scope of review here. Bauer et al. (1992)
compare global distribution of wave heights from WAM
hindcast with Seasat altimeter output. They found a sig-
nificant underestimation of wave heightsby WAM hindcast
for the southern hemisphere. The main reason for the dis-
crepancy is attributed to that the wind stress that drives the
wave model istoo low. In the study, they also compared the
effects of three different wind fields, produced by the
Goddard L aboratory for Atmospheres(GLA), the European
Centre for Medium-Range Weather Forecasts (ECMWF),
and the Jet Propulsion Laboratory (JPL), on the WAM
model outputs. One featurein common to the GLA and JPL
simulation runsisthat WAM overestimate wave heights (as
compared to the altimeter measurements) at low sea state
and underestimate wave heights at high sea state. The
transition occurs at approximately 3 m in the significant
wave height. Using the ECMWF winds, the WAM output
exceeds the altimeter wave height in all sea states but the
general agreement is considerably better than the other two
hindcast runs(seefigures8to 10of Bauer etal., 1992). Similar
featuresarefound inthegloba comparison of WAM output
withone-year Geosat waveheight datapresentedin Romeiser
(1993). He shows that the agreement between the wave
heights of WAM and Geosat is generally good but signifi-
cant regional and seasonal differencesarefound. Particularly,
the underestimation of WAM wave heightsin the southern
hemisphere shows significant seasonal variations. The
hindcast wave heights are underestimated by about 20% in
large parts of the southern hemisphere and the tropical
region during May to September. For therest of theyear, the
agreement isfairly good. Their resultsal so show that WAM
typically overestimates wave heights at low sea state (sig-
nificant wave height lessthan 1.5 m approximately). WAM
model outputsare also used to perform global calibration of
wave height measurements obtained by altimeters of four
different satellites(Bauer and Staabs, 1998). Detailedresults
and discussions presented include the time series and
comparison of themonthly meansand rmsdeviationsbetween
each atimeter and the WAM model in three geophysical
zones (three bands of 40 degrees latitudes each between
60°S to +60°N), and the probability distributions of the
global wave heights obtained from the WAM model and all
the satellite altimeters investigated.

In the following, we analyze the TOPEX data along
two groundtracks in the region of Yellow and East China
Seasfor theyear 1994. Theresultsareusedtoinvestigatethe
regiona statistics and spatial distributions of winds and
waves. Also presented are the results of acomparison study
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with the output of the WAM model simulation. Section 2
describes the Yellow and East China Seas data sets and
providesbackground information concerning the numerical
modeling and satellite groundtracks in the comparison re-
gion. Section 3 presents the results and comparison of
temporal averages. Statistics such as hias (B), rms differ-
ence (), regression coefficients (c and cy, to be further
discussed later) and correlation coefficient (R) are calcu-
lated. Since altimeter remote sensing provides spatial cov-
erage of the wind and wave fields along transects, we will
explore the use of such information for the validation of the
spatial distribution of wave heightsfrom model output. The
results are presented in Section 4. The conclusions and
summary are presented in the last section of the paper.

2. Yellow and East China Seas Data Sets

2.1 Abrief description of the region

The Yellow and East China Seas are on a large and
shallow continental shelf, with depths less than 100 m in
most of the region. The major current system in the region
is the Kuroshio, which enters the Yellow and East China
Seas just southeast of Taiwan and exits just southwest of
Japan. Themainaxisof theKuroshiointhisregionisusually
outside of the 200 m contour line. The Kuroshio may intrude
onto the shelf through two major regions. The first is
through the Taiwan Strait during the winter months when
the Taiwan Warm Current is weak (Chuang and Liang,
1994). The second source is the branching of the Tsushima
Current from the Kuroshio (Lie and Cho, 1994) and the
subsequent intrusion of the Yellow Sea Warm Current
northward into the Y ellow Sea (Hsueh, 1988; Hsueh et al .,
1993). One of the driving forces of the Yellow Sea Warm
Current and the flux of open ocean properties onto the
continental shelf is the northerly wind bursts during the
winter season. Due to the shallow water depth, the wind
eventsare capabl e of creating large sealevel changes, which
produce horizontal pressure gradients that drive the sub-
surface currents (Hsueh, 1988).

The wind system is influenced by the monsoon wind
pattern of Asia. Inthe winter, the Mongolian high-pressure
system dominates the geostrophic winds and forms an
anticyclonic gyreintheregion. The primary wind direction
in the winter months is northwesterly in the north, and
northerly or northeasterly in the East China Sea. During the
summer, the Indian Ocean |ow-pressure system dominates,
creating acyclonic gyreintheregion. Thewind directionis
southerly to southeasterly in the whole region. During the
transitional season between the two dominant weather
systems, thewindsfluctuate (Wang and Aubrey, 1987). The
wave system is significantly affected by the wind system.

2.2 WAM model output
The WAM model (Cycle 4) (WAMDI Group, 1988;



Janssen, 1991) was recently applied to the Y ellow and East
China Seas to hindcast the wave climatology for 1994. The
wave hindcast setup consisted of aglobal 1° Lat/Longridto
generate input wave boundary conditions and a regional
0.25° Lat/Lon grid for the domain that includes the Y ellow
Sea, East China Sea, and the Sea of Japan.

A global wind product (Wobusand Kalnay, 1995) from
the National Centersfor Environmental Prediction (NCEP,
formerly the National Meteorological Center) was used to
drive the global and regional wave model grids. The NCEP
winds, which are provided at approximately 0.94° Lat/Lon
resolution, werebilinearly interpolated toal1° resolution for
the global hindcast and a 0.25° resolution for the regional

hindcast. The global hindcast was run with a temporal
resolution of 6 hours, which is the resolution provided by
NCEP. The NCEP winds were linearly interpolated to a 3
hour resolutionfor theregional hindcast. Oneof thestandard
WAM output files includes the significant wave height
(SWH), Hg, friction velocity u*, and drag coefficient Cp at
every grid point. The model wind speed at a10 m elevation
is computed by Uig = u*Cp2, The wave height, wave di-
rection, wave period (peak and average), wind speed and
wind direction of themodel outputs are extracted along two
TOPEX groundtracks for comparison. A more detailed
description of WAM and NCEP modelsisgiven in Appen-
dix A.
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Fig. 1. A map of the Yellow and East China Seasregion for this comparison study. TOPEX groundtracks are shown in dotted curves.
Tracks 69 (from NW to SE going through the axis of the region) and 26 (from SW to NE across the Y ellow and East China Seas
entrance) are used for comparison with WAM model simulation for the year 1994.
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2.3 Combined TOPEX and WAM data set

The TOPEX groundtracks in the Yellow and East
ChinaSeasregionareshowninFig. 1. Thebathymetry of the
region, based on ETOPO 5 (NOAA, 1986), is contoured in
Fig. 1 also. Of the 17 groundtracks falling within theregion
shown in Fig. 1, two are selected for this study. The first
groundtrack is number 69, a descending track that runs
along the central axisof theregion. The second groundtrack
isnumber 26, whichisan ascending track cutting acrossthe
East China Sea and the southeast corner of the Y ellow Sea.
Water depths along these two groundtracks are mostly
greater than 50 m, except near Taiwan and Korea coasts
(Track 26), Ryukyu Islands and Shandong Peninsula(Track
69), and theregion of marinedepositfromold Y ellow River
discharge extending to the central and southern parts of the
Yellow Sea (Fig. 1).

The extraction of the model output consists of inter-
polation of themodel parameterstothe satellitegroundtrack
coordinates using two subroutines (surface and grdtrack)
within the GM T-System (Generic Mapping Tools) (Wessel
and Smith, 1991). These subroutines create a 2-D binary
grid file using an adjustable tension continuous curvature
algorithm, and then sample the 2-D binary grid file along
groundtracks 26 and 69 using bicubic interpolation (Smith
and Wessel, 1990). The numerical output and altimeter data

arethen mergedtogether by linear interpolationtoauniform
spacing of 0.05 degree using the latitude coordinate as
reference. The spacing between neighboring data pointsin
the merged data set is between 6.0 to 6.3 km along the
groundtrack. The distance between the model data position
and theinterpol ated altimeter footprint isbetween 0.4t0 0.6
km.

3. Temporal Average

Over the one-year (1994) model run, 32 cycles are
extracted for each groundtrack. The TOPEX/POSEIDON
mission splits time between the NASA Ku and C-band
radars (90%) and the CNES (POSEIDON) solid state al-
timeter (10%). The4 missing cyclesoccur at Julian days 63,
172, 311 and 361 for groundtrack 26, and days 76, 176, 315
and 324 for groundtrack 69. The time differences between
the model output and TOPEX measurement are distributed
approximately evenly between 0to 1.5 hours. Inthemerged
data set, the datadensity is 20 points per degree per satellite
cycle. The number of data points used in the averaging
shown below can be computed easily. For example, thedata
population for the seasonal (quarterly) average (8 cycles)
over alatitude span of 3 degreesis480 (that is, 8 x 3 x 20),
and the annual average (32 cycles) over a 9-degree span is
5760. Thesedataarenot fully independent asthey havebeen

Table 1. Comparison of mean and standard deviation of WAM and TOPEX average data.

A. Annual average over a region
Latitude Range Wave Height Wind Speed
<H> (m) o,/<H > <U,»> (m/s) o,/<U,>
TOPEX | WAM | TOPEX | WAM | TOPEX | WAM | TOPEX | WAM
(a) Track 69
D9 (27.5, 36.5) 1.45 1.55 0.58 0.54 6.66 6.94 0.51 0.49
S3 (27.5, 30.5) 1.70 1.85 0.45 0.37 7.19 6.99 0.46 0.51
M3 (30.5, 33.5) 1.49 1.53 0.65 0.55 6.66 6.97 0.52 0.45
N3 (33.5, 36.5) 1.16 1.21 0.58 0.74 6.15 6.84 0.53 0.50
(b) Track 26
D9 (25.5, 34.5) 1.65 1.81 0.56 0.56 7.02 7.78 0.49 0.42
S3 (25.5, 28.5) 1.82 1.98 0.54 0.52 7.49 7.75 0.48 0.46
M3 (28.5, 31.5) 1.63 1.81 0.47 0s3 6.50 7.76 0.49 0.43
N3 (31.5, 34.5) 1.51 1.54 0.59 0.61 7.07 7.87 0.50 0.38
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interpolated from a coarser numerical grid of 0.25° (ap-
proximately 25 km) and altimeter spacing of 7 km. For the
purpose of estimating the degrees of freedom, or equiva-
lently the confidence interval, those population numbers
should be divided by a factor of 4.

3.1 Annual average

We first study the wave and wind statistics derived
from TOPEX measurements and the numerical output of
WAM and NCEP. The annual averages along the two
groundtracks are listed in Table 1A. An example of the
statistical distributions of windsand wavesinfour different
regions (defined below) are shown in Fig. 2 (top half), in
which the histograms of wind speeds and wave heights
along groundtrack 69 are displayed. These four regions are
designated as D9, S3, M3 and N3 for 9 degrees (latitude),
southern 3 degrees, middle 3 degreesand northern 3 degrees
along the two groundtracks. The limiting latitudes are
tabulated in the first column of Table 1A.

Asshown in the figure and the tabulated statistics, the
average propertiesof wind speedsand waveheightsbetween
the numerical simulation and remote sensing measurements
are in good agreement, within 10 percent in most cases for
both the mean and standard deviation of these average
guantities. Both data sets also show that the average wave

height decreases northward. Along the central axis of Yel-
low and East China Seas (track 69) the 3-degree average
wave height isreduced from 1.70 m at 29°, to 1.49 m at 32°
and 1.16 m at 35° based on TOPEX measurements. The
average wave height along groundtrack 26 shows asimilar
trend of decreasing wave height from south to north, with
1.82mat 27°,1.63 mat 30° and 1.51 mat 33°. Thegradient
of the wave height along groundtrack 69 is significantly
larger than that along groundtrack 26. Hwang and Teague
(1998) and Hwang et al. (1998b) have processed thefull 17
groundtracks of data to construct the wind and wave
climatologies of the region. They found that the wind and
wave distributions in the region are significantly modified
by the Kuroshio, which runs in the southwest to northeast
orientation. As a result, the gradient of the wave height
distribution is mainly in the northwest to southeast orienta-
tion.

Wave heights for WAM hindcast are slightly higher
thanthe TOPEX data. For thethreeregions(S3, M3 and N3)
along groundtrack 69, the differences are 9%, 3% and 4%,
respectively. Along groundtrack 26, the model output again
overpredicts the wave height by 9%, 11% and 2%, respec-
tively.

The distribution of the average wave heights within a
given segment along groundtrack can be measured interms

Table 1. (continued).

B. Seasonal average along a groundtrack
Day Range Wave Height Wind Speed
<H> (m) o,/<H> <U,»> (m/s) 0,/<U,>
TOPEX | WAM | TOPEX | WAM | TOPEX | WAM | TOPEX | WAM
(a) Track 69
Q1 (1, 90) 1.63 1.76 0.48 0.56 7.60 8.10 0.41 0.44
Q2 (91, 180) 0.96 1.07 0.40 0.36 4.50 5.17 0.57 0.38
Q3 (181, 270) 1.46 1.67 0.69 0.55 6.47 6.74 0.55 0.51
Q4 (271, 360) 1.69 1.67 0.50 0.50 7.85 7.76 0.38 0.45
(b) Track 26
Q1 (1, 90) 1.69 1.59 0.42 0.40 7.51 7.42 0.43 0.36
Q2 (91, 180) 1.10 1.31 0.28 0.31 4.78 6.50 0.47 0.35
Q3 (181, 270) 1.84 2.14 0.69 0.72 7.06 7.21 0.64 0.63
Q4 (271, 360) 1.90 2.14 0.43 0.36 8.33 9.76 0.29 0.23
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Fig. 2. Histograms of wave heights and wind speeds from TOPEX measurements and WAM output aong groundtrack 69. The plots
arearranged as Hs (TOPEX), Hs (WAM), U10 (TOPEX) and U1p (WAM) inthefirst to the fourth column. The upper four rows of
the plots are annual data within 9° (D9), southern 3° (S3), middle 3° (M3), and northern 3° (N3) latitude, respectively. The lower
four rows are the histograms of the wind and wave parameters in the 9° latitude, and over the first to the fourth 90-day period of

1994 data sets.

of the standard deviation (Table 1A). In the along-axis
direction (groundtrack 69), the dimensionless standard de-
viations (normalized by the mean) are 0.45, 0.65 and 0.58
from south to north based on the TOPEX data, and 0.37,
0.55, and 0.74 based on the WAM output. The standard
deviations between WAM and TOPEX along groundtrack
26 are in much better agreement (TOPEX: 0.52, 0.53, 0.61,
WAM: 0.54, 0.47, 0.69). In general, the annual average
predicted by the WAM model agrees very well with the
TOPEX measurement. In cases with discrepancies, the
disagreement in wave height appears to correlate with dis-

312 P.A.Hwangetal.

agreement in wind speed or wind stress used to drive the
model. Asshownin Table 1A, the average wind speed used
in WAM isin general higher than the TOPEX observation.
Except for one case (groundtrack 69, S3), the averagewind
used in WAM is 4 to 19% higher than the corresponding
TOPEX measurement.

3.2 Seasonal variation

The statistics of seasonal (quarterly) average wave
heights and wind speedsfrom TOPEX and WAM are listed
in Table 1B. The histograms of wave heights and wind



speeds of the four quarters are shown in Fig. 2 (lower half).
These statisticsare based on the dataalong the full 9-degree
groundtrack discussed above. The statistics over a smaller
or larger distance can be generated also. Two of the notable
features of the seasonal average are (1) the lower average
occursinthe second quarter, and (2) the largest variation as
represented by the standard deviation occurs in the third
quarter (Table 1B). These features are consistent with the
monsoon climate of the region, with predominantly north-
westerly to northerly windsinthewinter, and southwesterly
to southeasterly winds in the summer. In the transition
seasons, the winds fluctuate between the two dominant
weather systems (e.g., Wang and Aubery, 1987). Thewind
and wave properties are further complicated by the ty-
phoons, which generally occur from July to October, and
explain the large variation (standard deviation) of the sea-
sonal statistics during the third quarter.

The agreement of these seasonal mean properties de-
rived from WAM outputs and TOPEX measurements is
generally good, the ratios of averages (WAM/TOPEX)
range between 0.94 to 1.19. The agreement in the statistics
of standard deviationsisalso similar to that of the seasonal
means. The larger difference in the seasonal means (WAM
higher by up to 19%; 1.31/1.10 = 1.19, Track 26, Q2, Table
1B) is correlated to, but considerably lower than, the wind
conditions used in driving the wave model. The maximum
differenceof theseasonal averagewind speedsis36% (6.50/

4,78 = 1.36). This observation is also applicable to the
annual means, wherethe maximumwavedifferenceis 11%
(1.81/1.63=1.11; Track 26, M3, Table1A), andthemaximum
wind differenceis 19% (7.76/6.50 = 1.19).

3.3 Correlation statistics

In the last two subsections, statistics are computed
from TOPEX or WAM separately. In this subsection, the
statistics correlating WAM and TOPEX data are presented.
Theannual datapopul ationsof TOPEX and WAM aretaken
from a given segment along the groundtrack. The length of
the groundtrack varies from less than 0.25 degree to 9
degreesin latitude. In thiscomputation, TOPEX and WAM
are treated as two sets of “wave probes’ with afootprint of
5 km. The “time series’ from the subsets (averaged over a
segment ranging from 0.25 to 9 degrees latitude) are com-
pared. The statistical parameters computed include the bias
(B), rmsdifference(A), linear regression coefficients(cyand
¢), and correlation coefficient (R). The coefficient c is cal-
culated by minimizing the orthogonal distances of the data
points to the linear regression curve. The coefficient ¢y is
calculated by minimizing the vertical distances between
datapointsand thelinear regression curve. Theformulaefor
the coefficients are given in Bauer et al. (1992) and Hwang
et al. (1998a).

Table 2 shows an example of the correlation statistics
computed fromtheannual datapopulationswithin9 degrees

Table 2. Statistical coefficients of WAM and TOPEX correlations.

Wave Height, H, Wind Speed, U,
Latitude Limit c, c B A R c, c B A R
m) | (m (mis) | (mss)
(a) Track 26
D9 (25.5,34.5) | 1.06 | 1.07 | 0.13 | 0.33 | 0.93 | 1.10 | 1.13 1.07 1.92 0.83
S$3(25.5,285) | 1.07 |109|0.17 | 043 | 0.92 | 1.02 | 1.04 0.37 1.73 0.87
M3 (28.5,31.5) (107 |1.09|0.15| 041 | 091 | 116 | 121 1.60 2.56 0.78
N3 (31.5,34.5) | 1.03 | 1.06 | 0.06 | 0.41 | 0.90 | 1.09 | 1.13 1.20 2.52 0.75
(b) Track 69
D9 (27.5,36.5) | 1.06 | 1.08 | 0.08 | 0.28 | 0.93 | 1.06 | 1.08 | 0.57 1.33 | 091
S3(27.5, 30.5) 1.05 [ 1.08 | 0.18 | 0.42 | 0.86 | 0.98 1.01 0.06 1.70 0.87
M3 (30.5,33.5) | 0.97 | 0.99|0.04 | 035 | 0.93 | 1.00 | 1.04 | 0.63 1.97 | 0.86
N3 (33.5,36.5) | 1.03 |1.10|0.02 | 0.46 | 0.83 | 1.07 | 1.13 1.01 2.32 0.78
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Fig. 3. (a) Mean wave height, and (b) wind speed averaged along groundtrack segments of various distances. The example shown is
for the 3-degree average, M3 of groundtrack 69 from 30.5 to 33.5°N (O: TOPEX, x: WAM).

(D9) and 3 degrees (N3, M3, and S3) latitude. For thewave
height, the regression coefficients (proportional factors) ¢
and cy are predominately larger than unity, indicating that
WAM simulated waveheightsare higher than TOPEX wave
measurements. Thisis consistent with the averages shown
in Table 1. The biases (WAM-TOPEX) in all cases are
greater than zero, ranging from 0.02 to 0.18 m. The rms
differencefor the 9-degree averageisapproximately 0.3 m,
with acorrelation coefficient of 0.93 for both groundtracks.
The rms difference increases to approximately 0.4 m when
the averaging distance decreases and the correlation coef-
ficient also decreases slightly.

For the wind speed, the regression coefficients are
again greater than one in most of the cases, indicating that
the wind speed used as the model input is larger than the
TOPEX wind measurement. For the 9-degree average, the
wind speed biaseshigh, witharangefrom0.4to 1.6 m/s. The
rmsdifferenceis 1.92 m/sfor groundtrack 26 and 1.33 m/s
for groundtrack 69, with the correlation coefficients of 0.83
and 0.91, respectively. The statistics for the 3-degree
(southern, middle, and northern) results degrade somewhat.

In additional to the statistics based on the annual data
withinthelatitude segments(ranging from 0.25to 9 degrees
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latitude), the mean wave height and wind speed averaged
within the given segment for each cyclearecalculated. This
is the equivalent of the TOPEX and WAM time series
smoothed over the specified segment range. Figure 3 shows
an example of the 3-degree average (M3, groundtrack 69).
Thetemporal samplingisvery coarse(9.9daysinterval) and
the seasonal fluctuation is barely discernable. During this
year (1994), thewindsandwavesaremildinthespringtime.
There are a few burst events in the summer and winter
seasons. These time series of wind speed and wave height
from WAM and TOPEX are in very good agreement.

4. Spatial Distribution

One of the most significant advantages of remote
sensing measurements is the ability to provide a quasi-
instantaneous measurement of the spatial distribution of
wave heights and wind speeds. For example, the 9° latitude
transects of groundtracks 26 and 69 are completed in 168
and 190 s, respectively. Thehigh spatial density (every 7km
in the original TOPEX output) of these quasi-simultaneous
measurements is unique for studying the spatial distribu-
tionsof windsand waves. The dataare also excellent for the
purposeof comparing spatial patternsof model simulations.



Similar to the analysis presented in the last section, the
separate patternsof TOPEX and WAM arecomparedfirstin
Subsection 4.1. The correlation statistics of the TOPEX and
WAM patterns are then calculated in Subsection 4.2.

4.1 Seasonal and annual characteristics

The cycle-by-cycle distributions of wave heights (top
half) and wind speeds (bottom half) derived fromWAM and
TOPEX are shown in Fig. 4 for the full 32 cycles along
groundtrack 69. The latitude range shown is 9 degrees

(27.5°N to 36.5°N). In general, the TOPEX data display
more fine structures in the distribution because the results
wereobtained from 7-kmoriginal resolution. Incontrast, the
WAM outputs are interpolated from 0.25 degree (approxi-
mately 25 km) resol ution and areapparently moresmoothed.
The level of agreement of these TOPEX and WAM spatial
patterns varies significantly from cycleto cycle. Thereisa
large fraction of cases with poor agreement either in mag-
nitude, trend (phase), or both. The correlation statistics of
individual cycles will be presented in the next subsection.
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Fig. 4. Cycle-by-cycle comparison of the (a) wave height, and (b) wind speed from TOPEX (dot) and WAM (solid curve) for 32 cycles

along TOPEX groundtrack 69.
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Here we present these along groundtrack patterns based on
the seasonal and annual ensemble averages.

Figure5 showsthequarterly and annual averagesof the
wind speed and wave height di stributionsal ong groundtrack
69. The measurements of wave heights and wind speeds
from TOPEX are shown on the top row, and those from
WAM are shown in the bottom row. The equivalent results
for groundtrack 26 are shown in Fig. 6. There are several
distinct features of these seasonal and annual variations of
winds and waves based on the TOPEX measurement. The
annual average shows a general decreasing trend of wave
height toward north, as was shown in the last section
(Subsection 3.1) with a much coarser 3-degree average
(Table 1A). The largest gradient of wave heights along
groundtrack occursin the fourth quarter, at the height of the
winter monsoon. The lowest wind and wave conditions
occur in the second quarter. Along groundtrack 69, alocal
maximum near 28.2°N appears in 3 quarters (Q1, Q2, and
Q4) inthedistributionsof wave heights, andinall 4 quarters
in wind speeds. Thislocal enhancement is not found along
groundtrack 26. A more extensive analysis of the TOPEX
data (using measurements from all groundtracks) indicates
that the local enhancement is attributed to the Kuroshio
modification of winds and waves (Hwang and Teague,
1998; Hwang et al., 1998b).
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The seasonal variationsdescribed in thelast paragraph
are identifiable in the WAM result also. The fine features
between the TOPEX and WAM outputs, however, are sig-
nificantly different on several occasions. For easier com-
parison, the seasonal and annual variations are replotted in
Figs. 7 (groundtrack 69) and 8 (groundtrack 26), with
TOPEX and WAM results plotting over each other in the
same blocks. In general, the agreement in the significant
waveheightisvery goodinwinter monthseventhoughwind
speeds may show large discrepancies (e.g., Q4 of Track 26,
Fig. 8). The wave height comparison in the summer/fall
months (Q2 and Q3) is noticeably worse for both
groundtracks. Although this may be partialy attributed to
the poorer wind speed agreement, it is not unusual to find
cases with bad wind speed agreement yet very good wave
height comparison (e.g., Q2 of Track 26 near 30°N, Q2 of
Track 69 near 28 and 33°N). There are also many caseswith
good agreement in the wind speed yet bad agreement in the
wave height comparison (e.g., Q3 of Track 26 near 28 and
30°N, Q2 of Track 69 near 30°N, and Q3 of Track 69 near
28.5°N and 31.5°N). The mismatch of regions of good
agreement inthewind speed andwaveheightisalsoobserved
in the annual average (Y 94) shownin Figs. 7 and 8.

The observation of the seasonal dependence of data
agreement may imply that the WAM model performs much
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Fig. 5. The spatial distributions of quarterly and annual averages (along groundtrack 69) of wave heights (a) TOPEX, (b) WAM; and
wind speed (c) TOPEX, and (d) WAM. (O: quarter 1, x: quarter 2, +: quarter 3, *: quarter 4, «: annual average).
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Fig. 8. SameasFig. 7 but along groundtrack 26.

better in cases of active wind generation, such asduring the
winter monthsin the Y ellow and East China Seas when the
dominant wind isfrom the north. Inthe summer months, the
performance of the model deteriorates dueto acombination
of the presence of swell from the south and southeast, and
much lower wind speeds during the summer season. These
comparisonsunderlinetherather difficult task for numerical
simulationsto produceaccurate spatial distributionsof wind
and wave properties.

4.2 Correlation statistics

The track-by-track comparison can be further quanti-
fied through the analysis of correlation statistics such as
bias, rms difference, regression coefficient and correlation
coefficient. For the along-axis groundtrack (69) shown
earlier in Fig. 4, the WAM wave height output tendsto bias
high in the first six to nine months of the year and the bias
trend reversestoward thewinter months (Fig. 9(a)). Thebias
trend of groundtrack 26 isslightly different, predominantly
negativeinthefirst four months, and positive therest of the
year (Fig. 9(b)). While there are apparent similaritiesin the
wave bias and wind bias, the data scatter islarge. In dimen-
sionless form, the wave and wind bias can also be normal-
ized by the mean wave height and wind speed, respectively.
Theaverageof thenormalizedwaveheight bias, B(Hs)/<Hs>,
is0.08 for groundtrack 69 and 0.09 for groundtrack 26. For
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thewind speed bias, B(U10)/<U10>, the corresponding mean
values are much larger, 0.57 and 0.39 for groundtracks 69
and 26, respectively. The cycle-by-cycle scatter index, de-
fined as the normalized rms differences of wave heights,
A(Hs)/<Hs>, and wind speeds, A(U10)/<U10>, are plottedin
Figs. 9(c) and 9(d) for groundtracks 69 and 26 respectively.
The scatter index of wave heights is mostly less than 0.5,
with an average value of 0.24 for groundtrack 69 and 0.27
for groundtrack 26. For wind speeds, the average scatter
index is 0.77 for groundtrack 69, and 0.55 for groundtrack
26.

Thelinear regression coefficients (c) for groundtracks
69 and 26 are shown in Figs. 9(e) and 9(f). As can be seen
from the plots, there are only a small number of caseswith
¢ values close to one. The WAM output tends to over
estimate the wave height, especially in the summer months.
Many of thewave height over-estimations can be associated
with over-estimation of wind speeds used astheinput to the
wave model. Exceptions are found in very low wind condi-
tions, where the wave heights are mainly dominated by
swell components that are unrelated to the local wind con-
dition.

Thecorrel ation coefficientsbetween WAM and TOPEX
data show the largest variation (Figs. 9(g) and 9(h) for
groundtracks 69 and 26, respectively) compared to the other
statistical parameters. For the along-axis groundtrack (69),
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7 out of 32 cycles show negative correlation coefficient,
which indicates an opposite trend in the wave height distri-
bution along thealtimeter groundtrack obtained fromWAM
modeling as compared to the altimeter measurements. In
addition to the cases of negative correlation, 9 more cycles
have correlation coefficients less than 0.75. So altogether
onehalf of thecasesexamined for groundtrack 69 show poor
correlation of WAM output with altimeter measurements.
Similar to thewave correl ation statistics, for thewind speed
there are 7 cycles of negative correlations and 9 additional
cases of low correlation coefficients. While many cases of
poor correlation in wind speeds correspond to those of poor
correlationin wave heights, there are mismatchesthat show
good wave correlation but poor wind correlation and vise
versa. The cycle-by-cycle statistics of groundtrack 26 are
not very different from those of groundtrack 69. For the
wave height, there are 4 cases of negative correlation coef-
ficients and 8 cases with 0 < R< 0.75. For the wind speed,
there are 9 negative correlations and 10 cases with
0<R<0.75.

The above conclusions are based on analyzing 32
cycles of 2 groundtracks over a 3-degree latitude region of
the satellite groundtracks. Taking a different region along
the groundtracks and different time periodsfor comparison,
thestatisticswill beslightly different fromtheaboveresults.

In al of the statistics discussed above, WAM outputs and
TOPEX measurements are in good agreement in about half
of thecases. Also, thequality and the scatter of thecomputed
correlation statistics are generally poorer in wind speeds
than in wave heights. This suggests that the wave model is
relatively more robust and that errorsin wind input consti-
tute only partially to the simulation disagreement in wave
properties.

4.3 Wave age factor

Several researchers have suggested improvements to
WAM (Tolman 1992; Lin and Huang 1996; Bender 1996).
Bratos (1997) compares deepwater WAM results to Na-
tional DataBuoy Center (NDBC) wavemeasurementsal ong
the US Atlantic coast using high quality winds (Cardone,
1992) for five extratropical stormswhich include avariety
of conditions ranging from extreme events to more moder-
ateandvariableevents. Onepersistent tendency foundinthe
WAM resultsis alow bias in the significant wave height.
Figure 10(a) shows the relationship between wind speed
bias and wave height bias for all buoy locations and storm
events considered. For a well behaved model the wave
height bias should correspond to the wind speed bias. The
plot shows atendency for WAM wave height to be biased
low (0.0 m to —0.5 m) when the wind speed is biased high
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(0.0 m/s to 1.75 m/s). The normalized bias (scaled by the
mean val ueof wind speedsor waveheights) isplottedinFig.
10(b). In a similar fashion, the rms difference in wave
heights and wind speedsis shown in Figs. 10(c) and 10(d).
The comparison of the wave height parameter from WAM
simulationsinthe Atlantic coast with NDBC buoy measure-
ments appearsto suggest that the biasand thermsdifference
inthewave height are closely related to the biasand therms
differencein the input wind field.

The normalized bias and rms difference between the
WAM output and altimeter measurement inthe Y ellow and
East ChinaSeasareshowninFig. 11. Thewind speed range
in the Y ellow and East China Seas comparison is consider-
ably smaller than the storm comparison in the Atlantic
Ocean. The data scatter of wave height biases generally
increases with the wind speed bias. The anomaly of the
negativewaveheight biasintheregion of positivewind bias
asobserved inthe Atlantic comparisonisnot apparentinthe
Yellow and East China Seas. Also, the distribution of the
wave height scatter index asafunction of wind speed scatter
index in the Atlantic storm data (Fig. 10(d)) is considerably
tighter than those in the Y ellow and East China Seas (Figs.
11(b) and 11(d)). Thisis because the range of wave agesin
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the Atlantic comparison of storm events is much narrower
(0.8t0 2.8). In contrast, there are many cases of low-wind,
high-swell conditions in the Yellow and East China Seas
data set. Therange of wave agesin the 1994 databaseis 0.8
t0 6.9 for groundtrack 69, and 0.7 to 5.5 for groundtrack 26.
For reference, the data pointswith different C/Ujgrangeare
illustrated with different plotting symbolsinFigs. 10and 11.
Toillustratethewave age effect, we have presented the data
for C/Ujp < 2 in Figs. 11(a) and 11(b), and the data for
C/U10 > 2in Figs. 11(c) and 11(d). The correlation of the
normalized bias or rms difference with wave age is obvi-
ously much better inthegroup of young waveages(compare
Figs. 11(a) and 11(b) with 11(c) and 11(d)). Thefraction of
outliersincasesof largeC/U1o (Figs. 11(c) and 11(d)) isalso
much higher than the corresponding fraction in cases of
small C/Uj (Figs. 11(a) and 11(b)).

From thislimited comparison, it isfound that for cases
with active wind generation (small values of C/U1g), the
normalized bias and rms difference in wave heights are
closely correlated to the corresponding statisticsinthewind
field. Furthermore, the magnitudes of the normalized bias
andrmsdifferenceinthewavefield are comparableto those
in the wind field. For cases with large wave ages, say
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C/Uj0 > 2.5, there is little dependence of the wave height
bias or scatter index on the corresponding statistics of the
wind speeds. Outliers or data points deviating from the
correlation curve in the population of small C/U1g are con-
siderably smaller thanthoseinthepopulation of large C/U1o.

Interestingly, the magnitudes of the normalized bias
and rms difference in the wave field under large wave ages
are similar to those under young wave ages even when the
normalized biasandrmsdifferenceinthewindfieldarevery
large. This may suggest that ocean wave models are more
robustingeneral ascomparedto atmospheric models. While
extremely large deviationsinwind speedsexist (normalized
bias more than 3 and scatter index approaches 8), the wave
model output rarely exceeds 0.6 inthesetwo statistics (Figs.
11(c) and 11(d)).

5. Summary and Conclusions
Spacebornemeasurementsrepresent agood datasource
for the study of global and regiona wind and wave condi-
tions. Thewind speed and wave height measured by satellite
altimeters are in excellent agreement with ocean buoy
measurements(e.g., Gower, 1996; Hwanget al., 1998a). The
spatial measurements can be used to validate the spatial
distributions of winds and wavesfrom model output. Inthis
paper, weinvestigatethewind and wavedistributionsinthe

Yellow and East China Seas with the output from two
groundtracks of the TOPEX altimeter. The distributions of
winds and wavesin the region reveal the significant effects
of theKuroshio based onamoreextensivestudy using all 17
TOPEX groundtracks (Hwang and Teague, 1998; Hwang et
al., 1998b).

The spaceborne data are also used for temporal and
spatial comparisons with the WAM hindcast of the region.
Thetemporal comparisonisfurther divided into (a) average
over aregionfrom3to 9 degreeslatitudeal ong agroundtrack,
and (b) seasonal average along asection of the groundtrack.
These average quantities from TOPEX and WAM are in
good agreement in terms of mean and standard deviation
(Table 1). The difference between altimeter measurements
and numerical simulations is approximately 10%, with
WAM overestimating most of thetime. The median val ue of
thermsdifferencesis0.4 mwith acorrel ation coefficient of
~0.9 (Table 2). These figures are compared to 0.15 m and
0.97, respectively, from TOPEX and buoy comparisonsin
the Gulf of Mexico region for comparable spatial and
temporal separations (Hwang et al., 1998a). The rms dif-
ference of wind speeds in the TOPEX and WAM compari-
son in the Yellow and East China Seas is ~2 m/s with a
correlation coefficient of ~0.83. The corresponding values
from TOPEX and buoy comparisonsin the Gulf of Mexico
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region are 1.2 m/s and 0.9, respectively.

Thecomparison of spatial distributionsof WAM simu-
lations and TOPEX measurements is made with 32 cycles
from each of the two groundtracks over 3- to 9-degree
(latitude) segments. Figure 4 shows the cycle-by-cycle
distributions along 9-degree latitude. The level of agree-
ment between numerical simulations and altimeter mea-
surementsvaries significantly from cycleto cycle. In many
cases, opposite trends in the spatial distributions of wave
hei ghtsand wind speedsarefound. Thestatisticsof bias, rms
difference, linear regression coefficient and correlation co-
efficient from 32 cycles of both groundtracks are analyzed
(Fig. 9 shows results of the 3-degree processing). A rather
large percentage (~50%) of cases show poor agreement
based on a combination of low correlations, large rms
differences or biases, and regression coefficients deviate
significantly from one. There are indications that the wave
ageisafactor affecting the performance of wave modeling
skills(Figs. 10 and 11). Generally speaking, the normalized
bias and rms difference in the wave field are correlated
closely to those of the wind field under the condition of
active wind-wave generation, such asin the winter months
in the Yellow and East China Seas. The correlation in the
errors statistics of wave to those of windsdecreasesin cases
of large wave age.

Comparisons presented here indicate that the numeri-
cal wave simulation skills are good in the projection of
average quantities, such as the mean wave height for agive
location, but relatively poor for the coherence structure,
such as the spatial distribution of the wave field. The
measurements from remote sensing devices, including
spaceborne and airborne, are of spatial sampling in nature.
Thesemeasurementsrepresent agood datasourceto enhance
our understanding of the spatial properties of the wind and
wave fields. The spaceborne data are especially useful for
studying regional wind and wave climates. The spatial
resolution of spaceborne altimeters (7 km alongtrack) is
considerably higher than typical in situ measurements for
such applications.
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Appendix. The WAM Model and NCEP Wind Fields
The WAM model (WAMDI Group, 1988) is a third

generation spectral wave model which incorporates the

physics of wave evolution and propagation without ad hoc
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assumptions concerning the spectral shape or limit to wave
growth. The evolution of the directional wave spectrum is
determined through the integration of the spectral wave
transport equation given by:

%'t:+ (cosq))_ld%)(cq, COS(pF)
+%(CA F) +%(c9|:) =S (A7)
where
S=Sn St St St (A2)

and F( f, 6, @ A, t) is the two-dimensional wave energy
spectrum and is a function of frequency f, direction 6, and
timet, in aspherical coordinate system with @representing
latitude and A representing longitude. The component
propagation velocitiesaregivenby cg, €y, and ce. Thesource/
sink term Sincludesthewindinput Sy, nonlinear wave-wave
interaction S, thewavedissi pation Sysand anoptional bottom
dissipation term for shallow water Sot. The model version
used in thisstudy iscycle 4. Thewind input sourceterm Sy,
for thisversion isdescribed by Janssen (1991). In Janssen’s
method wave growth rate is calculated as a function of the
sea surface roughness aswell asthewind. S, isaquadratic
function of the friction velocity, u* which is related to the
roughnessand roughnessisrelated to thewave height or sea
state. Thiscoupling of thewinds and waves enhancesyoung
wind sea growth over older wind sea growth. The wave
dissipation Sys due to whitecapping is based on Hasselmann
(1974), Komen et al. (1984), and Janssen (1991). Thisterm
removesenergy fromthe high frequency regionduetowave
breaking and is proportional to f 4. The nonlinear energy
transfer S, is represented by the discrete interaction ap-
proximation (DIA), described in Hasselmann et al. (1985)
and WAMDI Group (1988), of the full Boltzman-integral
(Hasselmann and Hasselmann, 1985).

The WAM model provides an option for running in a
shallow water mode. For this the deep-water transport
equation must be modified to include depth dependent
effects such as refraction, shoaling, and energy loss due to
bottom friction. The source function is extended to include
the bottom friction term Syor taken from the Joint North Sea
Wave Project (JONSWAP) study (Hasselmannet al., 1973)
and given by:

r o

-——5—F A3
g® sinh? kD (A3)

St =

wherel = constant = 0.038 m2s-3, Thisbottom friction term
may require tuning for other geographical areas (WAMDI



Group, 1988), however, this was not done for the present
study. In addition modifications are made to other termsin
the transport equation to account for the depth dependence
of the finite depth dispersion relation. The infinite depth
group velocity for propagation is replaced by the appropri-
ate expression for finite depth and the phase vel ocity in the
wind input term is replaced by the appropriate value for
finite depth. Based on Hassel mann and Hasselmann (1981),
the nonlinear transfer for finite depth is the same as for
infinite depth except for a scaling factor. The great circle
refraction term, represented by ¢y, is extended to include
refraction due to changesin water depth. Current refraction
isalso an option in the model but was not used in this study.
The numerical scheme for propagation is a first order up-
stream difference in time and space while the source terms
are integrated using a second order implicit scheme.

Several studies have made comparisons of WAM re-
sultsto measured datain deep water. Cardone et al. (1995)
compared WAM results using global scale analysis wind
fieldsfrom the ECMWF, FNMOC, and UKMO forecasting
centers to that using wind fields derived from manual
kinematic analysis. This comparison showed that the error
intheforecast centers’ wind fields masked any errorsdueto
deficienciesinthe WAM model. The scatter index (SI, ratio
of rmsdifference to mean of the measurement) in the model
time series SWH at each buoy varied from 10% to 14%, or
about half of the Sl found with the forecast centers’ wind
fields. Cardone et al. (1996) have shown the WAM model
performs well for wave conditions up to 12 m during
moderateto extremestormevents. However Tolman (1992),
Lin and Huang (1996) and Bender (1996) show that the
WAM implementation of thefirst order propagation scheme
is highly dissipative causing excessive attenuation in swell
propagation over large distances and have proposed higher
order schemes to reduce this numerical error. The wave
hindcast setup usedinthepresent comparison study consisted
of aglobal 1° Lat/Lon gridto generateinput wave boundary
conditions, and aregional 0.25° Lat/Lon grid including the
Yellow Sea, East China Sea, and the Sea of Japan which
ranged from 25°N to 51°N latitude and 115°E to 145°E
longitude.

The wind input for the global and regional WAM
hindcast wasaglobal wind product produced by the National
Centersfor Environmental Prediction (NCEP, formerly the
National Meteorological Center). Two typesof global fore-
cast products are generated on a daily basis at NCEP. The
aviation (3-day) forecast and the 10-day medium-range
forecasts (MRF). The MRF product was used in this study
in ahindcast mode so that only the analysiswind fields are
used. Initial conditions for the MRF are provided by the
NCEP Global Data Assimilation System (GDAS)
(Kanamitsu, 1989) which is a four dimensiona analysis/
forecast system. A six hour forecast fromthe MRF model is
used as afirst guess to the next analysis. Theinitial condi-

tions for the global model are provided by an optimal
interpol ation scheme using observations and thefirst guess.
Themodel usedfor theglobal analysis(GDAS), theaviation
forecast, and the medium-rangeforecastsisthe MRF model
(Sela, 1980, 1988). The model has undergone continuous
changes since it became operational in 1985. The 1988
versionisfully documented in NMC Development Division
(1988). The version used to produce the wind fieldsin this
study is that used in the daily production during 1994
(Kistler, 1998, personal communication). The following
provides a brief description of this version.

The MRF model is spectral in the horizontal domain
and has a horizontal triangular truncation of T126. For
calculation of nonlinear quantities and physics a transfor-
mation to a Gaussian grid is made which is equivalent to
roughly a1° grid. The vertical domain isrepresented by 28
unequally spaced sigmalevels. Themodel hasacomprehen-
sive set of physical parameterizations (Kalnay et al., 1990)
which include convective heating, large scale precipitation
and evaporation of falling rain. The boundary layer physics
is based on the Monin-Obukhov similarity theory.

Inan effort to predict the forecast skill NCEP has been
using ensemble forecasting operationally since December
1992 (Kalnay and Toth, 1996). Wobus and Kalnay (1995)
presented amethod using regional anomalies of circulation
and ensemble forecasts consisting of forecasts from the
United Kingdom Meteorol ogical Office(UKMO), the Japan
Meteorological Agency (JMA), and the European Centre
for Medium-Range Weather Forecasting (ECMWF). Al-
thoughtheNCEPforecastsshow considerableskill ingeneral,
Wobus and Kalnay found that, during an example case in
1993, theforecast of the regional circulation was very poor
in an area including Japan and Korea.

TheNCEPwinds, whichareprovided at approximately
0.94° Lat/Lon resolution, were bilinearly interpolated to a
1° resolution for the global hindcast and a 0.25° resolution
for the regional hindcast. The global hindcast was run with
a temporal resolution of 6 hours, which is the resolution
provided by NCEP. The NCEPwindswerelinearly interpo-
lated to a3 hour resolution for theregional hindcast. One of
the standard WAM output files includes the significant
wave height (SWH), Hs, friction velocity u*, and drag co-
efficient Cp at every grid point. The model wind speed at a
10 melevationisgiven by Uio = u* Cp2, Thewaveheight,
wavedirection, wave period (peak and average), wind speed
and wind direction of the model outputs are extracted along
TOPEX tracks for comparison.
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